C ardiac cells, also called cardiomyocytes, are cells that are similar to neurons and epithelial cells in that they harbor specific membrane compartments. In this sense, these cells can be seen as polarized cells. 1 There are 2 main regions of the cardiomyocyte: (1) the intercalated disc (ID), which is a domain containing specialized cell-cell junction molecules and (2) the lateral membrane that comprise membrane invaginations called t-tubules ( Figure) . Typical ventricular myocytes are rod-shaped, about 100-μm long, with a width of 20 μm. The IDs are located at the ends of the cells along the 20-μm width. This cellular architecture is important for both the mechanical function of these cells and also the directional spread of cardiac electric activity.
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A myriad of membrane proteins, among them ion channels, have been found to be specifically expressed in distinct membrane domains of the cardiomyocyte. These proteins are the molecular determinants of cell polarization. It seems obvious that the precise localization to specific membrane domains is related to distinct functional roles.
The cardiac sodium channel, Na V 1.5, encoded by the gene SCN5A, has received a lot of attention in the past 2 decades. 2 This is mainly resulting from the reports of hundreds of mutations in its gene that were found in patients with specific arrhythmic syndromes, such as congenital long-QT and Brugada syndromes, as well as dilated cardiomyopathies. 3 One of the most intriguing open questions in this field of research is how it is possible that so many different phenotypes are linked to dysfunctional Na V 1.5 channels. 4 In more recent years, a few important observations were made regarding the regulation of Na V 1.5 expression in cardiac cells. In particular, it has been proposed that there is not only one type of Na V 1.5 channel in cardiomyocytes, but that, depending on its interacting partners, one could define at least 2 (or 3) populations of channels (ie, at the ID and lateral membrane). 5 These different Na V 1.5 channel pools are distinguished from each other according to their location along the cardiomyocyte membrane as well as their association with various specific interacting partner proteins that reside and regulate Na V 1.5, predominantly in one membrane domain or the other (Figure) . Na V 1.5 channels at the lateral membrane have been shown to interact with the syntrophin/dystrophin macromolecular complex. Dystrophin-deficient mdx mice showed decreases in Na V 1.5 expression and function as well as conduction defects. 6 Within the ID domain, the Na V 1.5 channel pool has been shown to associate with many proteins of different kinds: gap junctional (ie, connexin-43), 7 desmosomal (ie, plakophilin-2), 8, 9 and cell signaling molecules (ie, CaMKII). 10 Many of these interactions, when disrupted, have been shown to lead to various types of arrhythmias. [11] [12] [13] The specific functions of these distinct pools is still unknown, but one may propose the following proportion of sodium current (I Na ) that is generated by the different pools: based on the mdx and recent studies from our group, 14 the extra-t-tubule lateral membrane pool, most likely reflecting the clusters at the crests (Figure) , 15 is responsible for ≈30% of the I Na , while detubulation experiments suggest that ≈20% of the I Na is generated by Na V 1.5 that is found in the t-tubules. 16 One would then expect that ≈50% of the current depends on the channels that are expressed at the IDs.
Again, the specific contributions of these distinct Na V 1.5 channel populations are still open, but recent results from our group suggest that the crest channels are involved in, not only longitudinal, but also (preferentially) transversal propagation of the electric impulse. 14 The precise function of the Na V 1.5 t-tubular pool is, so far unknown. However, Na V 1.5 and the inward rectifier potassium channel, K ir 2.1, have been shown to coexpress with SAP97 at this membrane compartment. 17 While our group has been focusing on studying the molecular determinants of the lateral membrane pool with the syntrophin/dystrophin complex, the group of Dr Mohler has focused on the ankyrin-G protein. Many of their previous results were obtained with the use of sophisticated cell biology techniques, which demonstrated the essential role of ankyrin-G in targeting Na V 1.5 to the cell membrane. 18, 19 Similar to our strategy, this group also sought to examine this mechanism, using genetically-modified mice, to address the regulatory impact of ankyrin-G in vivo.
In this issue of Circulation Research, Makara et al 20 accomplished this goal by investigating the effects of deletion of the ankyrin-G gene on cardiac cellular, electric, and physiological function. Using a cardiac-specific knockout mouse for the ankyrin-G gene, they observed, through an elegant series of experiments, that loss of ankyrin-G leads to a decrease in Na V 1.5 expression, localization, and sodium current, specifically at
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November 7, 2014 the ID of cardiac cells. Concurrently, the level of expression of CaMKIIδ and recruitment of both β IV spectrin and CaMKIIδ to the ID of cardiomyocytes were also perturbed. Thus, they describe here a macromolecular complex involving Na V 1.5, CaMKIIδ, β spectrin IV, and ankyrin-G that allows Na V 1.5 and CaMKIIδ to be targeted efficiently to the membrane and enables CaMKIIδ regulation of Na V 1.5 late current through phosphorylation via β-adrenergic signaling. They went on to demonstrate the functional purpose of this macromolecular mechanism in vivo and found that these knockout mice had conduction abnormalities and ventricular arrhythmias. The authors also reveal ankyrin-G as a potential player, not only in the regulation and trafficking of Na V 1.5, but also of other proteins at the ID, since plakophilin-2 localization was also found to be redistributed in ankyrin-G knockout mice. This finding confirms the role of ankyrin-G in vivo as, not only a regulator of Na V 1.5, but also a regulator of other key proteins at the ID.
This article by Makara et al 20 demonstrates the crucial role of ankyrin-G in vivo in the trafficking of the Na V 1.5 channel in the heart and reveals the molecular and functional consequences that lead to cardiac physiological phenotypes when this protein is deleted exclusively in the heart. The importance of Na V 1.5 regulation via phosphorylation by CaMKII has been studied previously 10, 21 ; however, Makara et al 20 in this article elaborated on this knowledge and put it in the context of a functional macromolecular complex that is influential to only 1 subset of Na V 1.5 channels, the ID Na V 1.5 pool. This leads us back to the interesting question of the functional differences among the different pools of Na V 1.5. According to these findings, loss of ankyrin-G in vivo did not seem to affect the distribution of the Na V 1.5 lateral membrane pool. In our recent article that examined the PDZ domain-binding SIV motif, 14 truncation of this regulatory motif in vivo resulted in reduction of only the lateral membrane Na V 1.5 channels and led to conduction abnormalities without any apparent changes in ankyrin-G expression. That the presence of ankyrin-G appears to be more crucial for the ID than the lateral membrane Na V 1.5 channels suggests that Na V 1.5 interacts uniquely with its associating proteins to confer specific characteristics or functions that are particular for 1 myocyte membrane domain or another.
Another question arises regarding the sheer number of known associating proteins for Na V 1.5 that are present at the ID. The Na V 1.5 partners at the ID are numerous. Are the multitude of Na V 1.5 interacting proteins at the ID an indication of redundant mechanisms because functional Na V 1.5 expression and I Na are so vital at this region? Or is it due to the complexity of regulatory mechanisms at the ID, which require integration and crosstalk of different macromolecular complexes to function effectively and flawlessly within the confines of the ID? These are all open and challenging questions that remain to be further investigated in the future. Finally, these findings further support the notion that the different pools of Na V 1.5 channels may have different functions in cardiac physiology, hence explaining the many possible phenotypes observed in patients with mutations in its gene. Figure. The different Na V 1.5 channel pools in cardiomyocytes. Depending on the partner proteins they interact with, Na V 1.5 is found either at the intercalated disc region, or at the lateral membrane (composed of crest regions and T-tubules) of cardiomyocytes. One should note that along the crests, functional sodium channels do not distribute homogenously, but segregate in densely populated clusters (as demonstrated in Bhargava et al 15 ), coexisting with areas devoid of functional channels.
